A nonplanar three-beam case X-ray interferometer was tested for high spatial resolution phase-contrast X-ray imaging. The interfering beam is formed by simultaneous Bragg-case X-ray diffraction in this interferometer, and this avoids the type of image blurring due to the spreading of the X-ray wave field that occurs in the crystal of a triple Laue-case (LLL) X-ray interferometer. The test was performed using 10.3 keV synchrotron radiation X-rays, and fine interference fringes, which smear when a conventional LLL interferometer is used, were observed for a plastic phantom sphere. [DOI: 10.1143/JJAP.41.L161] KEYWORDS: phase contrast, X-ray interferometer, spatial resolution, simultaneous diffraction, Bragg-case Phase-contrast X-ray imaging an using X-ray interferometer is a powerful technique for revealing the inner structures of light samples, such as those of biological soft tissues. Phase-contrast X-ray computed tomography (CT) 1) using a monolithic triple Laue-case (LLL) interferometer 2) has enabled three-dimensional imaging, and various tissue structures have been observed using this technique so far. [3] [4] [5] [6] The maximum spatial resolution of the imaging is, however, only around 15 µm.
Phase-contrast X-ray imaging an using X-ray interferometer is a powerful technique for revealing the inner structures of light samples, such as those of biological soft tissues. Phase-contrast X-ray computed tomography (CT) 1) using a monolithic triple Laue-case (LLL) interferometer 2) has enabled three-dimensional imaging, and various tissue structures have been observed using this technique so far. [3] [4] [5] [6] The maximum spatial resolution of the imaging is, however, only around 15 µm. 4) The spatial resolution in phase-contrast X-ray imaging using the LLL interferometer is mainly limited by the image blurring caused by the spreading X-ray wave field in the third (analyzer) wafer of the LLL interferometer. When the X-rays pass through a sample, they are slightly refracted by the sample. This refraction causes a change in the angle of incidence to the analyzer. This effect is not negligible because this angular deviation is amplified about 10 4 times in the analyzer due to the effect of the dynamical X-ray diffraction. As a result, the beam exit point from the analyzer varies greatly. This is the reason the spatial resolution of imaging using an LLL interferometer does not reach the micrometer scale.
In order to reduce the spreading of the X-ray wave field in the analyzer, one of the authors examined an LLL X-ray interferometer whose analyzer wafer was thinned by chemical etching. 7) Successful operation was achieved and the image blurring was actually suppressed. This paper proposes another approach to avoid the image blurring in principle.
Our approach to avoid the image blurring is to employ a reflection (Bragg) geometry type of X-ray interferometer, where the incident beam is separated and combined by the simultaneous Bragg-case diffractions of three beams. The simultaneous Bragg-case diffraction is divided into the nonplanar case, where the beams form a three-dimensional ray arrangement, and the coplanar case, where the beams form a planar ray arrangement. Successful operation of a coplanar three-beam case X-ray interferometer has been demonstrated by Graeff and Bonse. 8) A disadvantage of this interferometer is that the wavelength of the incident X-ray is determined by the conditions of the simultaneous diffraction.
In order to apply a three-beam case X-ray interferometer to phase-contrast X-ray imaging, it is desirable to be able to select the wavelength of the incident X-ray to fit the thick- * E-mail address: a-yoneya@harl.hitachi.co.jp ness and/or the composition of samples. A nonplanar threebeam case X-ray interferometer, which forms the interfering beams by nonplanar simultaneous Bragg-case diffractions, is not subject to any wavelength restrictions. We consider that this interferometer is available for high-resolution phasecontrast X-ray imaging, although one has to accept the degradation of fringe visibility due to a complicated interaction of polarization states as pointed out by Graeff and Bonse. 8) In this paper, we report the design of a nonplanar threebeam case X-ray interferometer, the measurements of the interference pattern and its visibility, and the interferometer's possibilities regarding high-spatial-resolution imaging. Figure 1 shows a schematic view of simultaneous Braggcase X-ray diffraction by the Si n11 and Si n11 planes. With geometrical treatment, the incidence angle θ i of the X-ray k 0 (which is inclined by θ B from the Si 100 plane and is parallel to the Si 011 plane) relative to both the Si n11 and Si n11 planes is given by
where θ a is the angle between the Si 100 and Si n11 planes. If k 0 satisfies the Bragg diffraction condition for the Si n11 plane, k 0 is reflected by the Si n11 and Si n11 planes simultaneously, and therefore k 0 is separated into two beams k h and k h as shown in Fig. 1(a) . On the other hand, the beams k i and k i , which satisfy the Bragg condition for the Si n11 and Si n11 planes respectively, can be overlapped as k 0 ( Fig. 1(b) ). Figure 2 shows a schematic view of the interferometer using simultaneous X-ray diffraction. This interferometer is fabricated simply by making a groove in a block of perfect silicon crystal. The inner sidewalls should be parallel to the Si 100 plane.
As the figure shows, the incident X-ray beam that is parallel to the Si 011 plane and satisfies the diffraction condition for the Si n11 plane is divided into beams B1 and B2 by the simultaneous X-ray reflection of the Si n11 and Si n11 planes. Because of the monolithic structure of the interferometer, B1 satisfies the diffraction condition for the Si n11 plane on Plate 2, and is reflected as B3, which is parallel to the incident Xray. Similarly, B2 is reflected by the Si n11 plane of Plate 2 as B4, which is also parallel to the incident X-ray.
Because B3 and B4 are parallel to the incident X-ray beam, they satisfy the simultaneous diffraction condition for the Si n11 and Si n11 planes on Plate 1. Hence, B3 is divided into two beams, B5 parallel to B1 and B6 parallel to B2, and B4 is divided into B7 parallel to B1 and B8 parallel to B2. Because the sidewalls of the groove are parallel to each other, B6 and B7 meet at the same point A on Plate 2, and form an outgoing interfering beam as shown in Fig. 2 .
The interferometer was tested at the BL-14B of the Photon Factory, Tsukuba, Japan, using synchrotron radiation from a vertical wiggler. The X-rays were monochromatized by a Si 111 double-crystal monochromator and reflected by an asymmetric crystal whose surface was inclined by 9.5
• C from the Si 110 plane in order to widen the beam and reduce angular divergence.
The simultaneous diffraction by Si 311 and Si 311, which are inclined by 25.24
• C from the Si 100 plane, was used to form the interfering beam in the X-ray interferometer. The width of the groove was 5 mm and the height of the sidewalls was 24 mm. If the incident X-ray beam is inclined by θ i from the Si 100 plane and is parallel to the Si 011 plane, the simultaneous diffraction condition is attained in the narrow 2-axis (θ and ρ) angular range of the arcsec order. Therefore, we used a θ − ρ table whose angular resolution was 1/100 arcsec around the θ axis and 1/20 arcsec around the ρ axis to adjust the interferometer to the simultaneous Bragg-case diffraction condition.
The interference patterns were detected by an X-ray film placed 50 mm downstream from the interferometer. A hood was employed to cover the interferometer to reduce the airflow around the interferometer, otherwise the airflow would cause thermal unevenness in the crystal, which would deform the interferometer and fluctuate the phase between the separated beams in the interferometer.
Because the simultaneous diffraction appears in the narrow 2-axis angular range as mentioned above, pre-alignment is essential. Fortunately, this interferometer also works as a Si 400 channel-cut monochromator (Fig. 2) . Therefore, after finding the Si 400 diffraction angle θ 0 , we turned the θ table through the angle of θ 0 − θ B , and then scanned the θ and ρ axes to find the angular position where the simultaneous diffraction occurs.
After this adjustment, an interference pattern could be observed with 0.12-nm X-rays (10.3 keV) as shown in Fig. 3 . This pattern (5 mm wide and 1 mm high) was detected by an X-ray film (Fuji IX25) with a 75-s exposure. Due to the narrow angular range of the simultaneous diffraction condition as mentioned above, only a small part of the incident X-ray could satisfy the condition. Therefore, the pattern size was smaller than the designed size (8 mm wide and 10 mm high). The vertical interference fringes were caused by the deformation of the interferometer (no sample was placed in the interfering beam). We surmise that the small stains seen in the image are due to distortion remaining on crystal surfaces. In order to measure the visibility of the interference pattern, a scintillation counter with a slit (25 µm wide and 65 µm high) was scanned horizontally across the interference pattern. The obtained line profile of the interference pattern shows that the best visibility was about 30% (Fig. 4) . Figure 5 shows interference patterns of a plastic sphere 1 mm in diameter obtained using the nonplanar three-beam case interferometer (a) and a conventional LLL interferometer with 1-mm wafers (b). In Fig. 5(a) , the sphere was placed in the beam path of B3 as shown in Fig. 2 , and the distance from the sphere to the X-ray film was 100 mm. In Fig. 5(b) , the sphere was placed in the beam path between the second and third wafer, and the distance from the sphere to the Xray film was also 100 mm. These patterns were detected under the same conditions as given in Fig. 3 . The interference pattern in Fig. 5(b) is blurred and distorted in the direction parallel to the scattering plane, and only a few vertical fringes in the central part can be detected. By contrast, in Fig. 5(a) , the interference fringes of the outer rim are clear in all directions and the finest fringe is about 10 µm. The image quality of Fig. 5(a) is similar to that of the pattern obtained using an LLL X-ray interferometer whose analyzer crystal wafer was thinned by chemical etching. 7) This result suggests that the use of the nonplanar three-beam case X-ray interferometer can be an effective approach for improving spatial resolution in phase-contrast X-ray imaging. The quantitative analysis of the spatial resolution is in progress. We surmise that the small stains appearing in Fig. 5 (a) are also due to distortion remaining on crystal surfaces.
A Bragg-case nonplanar three-beam case X-ray interferometer was tested using synchrotron radiation for high-spatialresolution phase-contrast X-ray imaging. The interferometer produced fine interference fringes which could not be detected by the conventional LLL interferometer. This shows that this interferometer can be used for high-spatial-resolution phase-contrast X-ray imaging, if stains in the image can be reduced by fabricating a more complete interferometer.
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